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Abstract
The relationship between productivity and diversity is controversial because of disparity between unimodal and monotonic 
patterns, especially when occurring simultaneously at different scales. We used stream-side artificial channels to investigate 
how the availability of a major resource (leaf litter) affected stream invertebrate abundance and diversity at leaf-pack and 
whole-channel scales. At the larger scale, invertebrate diversity increased monotonically with increasing litter resource den-
sity, whereas at the smaller scale the relationship was hump-shaped, in keeping with reports in the literature. This divergence 
at higher resource levels suggests that multiple mechanisms may be operating. Our results indicate that consistently high spe-
cies turnover (β diversity) caused the monotonic pattern because of a species-area or “sampling effect” in which new species 
accumulate with increasing number of samples. The hump-shaped pattern was due to constrained immigration because of a 
“dilution effect” in which a limited number of immigrants is spread out among the increasing number of available patches. 
We propose that the relationship between productivity or resource availability and α diversity is generally hump-shaped and 
the scale-dependent contrast in the relationship only arises where the species pool is large and β diversity is high. Differences 
in β diversity may, therefore, explain some of the contrasting patterns in the productivity–diversity relationship previously 
reported.We suggest that continuing immigration by rare taxa is important in sustaining species diversity when productivity is 
high. The hump-shaped pattern has implications for the impact of anthropogenic ecosystem enrichment on species diversity.
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Introduction
Unravelling the mechanisms that determine the relationship 
between productivity or resource availability and diversity 
(here meaning species richness) is important in understand-
ing biodiversity and how to conserve it (Huston 1979; Pierce 
2014; Gross 2016). However, the effects of productivity on 
community composition are not predictable, except per-
haps under extreme oligotrophic or eutrophic conditions 
(Vitousek et al. 1997; Smith et al. 1999). In some cases 
diversity increases monotonically with productivity (Currie 
and Paquin 1987; Gaston 2000; Cardinale et al. 2009); in 
others the relationship is unimodal, or “hump-shaped”, with 
maximum diversity at intermediate productivity (e.g., Adler 
et al. 2011; Pierce 2014; Fraser et al. 2015). Much research 
has focussed on explaining the decline in diversity under 
high productivity (Tilman and Pacala 1993; Dodson et al. 
2000). Monotonic and humped relationships may occur in 
the same community at different scales (Waide et al. 1999; 
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Gross et al. 2000; Korhonen et al. 2011): for example, the 
diversity of invertebrates inhabiting ponds increases mono-
tonically with productivity at regional scales (among water-
sheds) but the relationship is humped at local scales (among 
ponds) (Chase and Leibold 2002). Explanations for the dif-
ferent patterns have been put forward—for example, Chase 
and Leibold (2002) invoked a role for β diversity; however, 
the mechanisms have yet to be adequately substantiated 
to explain the humped relationship, let alone the disparity 
between unimodal and monotonic patterns (e.g., Tilman and 
Pacala 1993; Abrams 1995; Kadmon and Benjamani 2006; 
Xiao et al. 2010), or how both patterns could emerge at dif-
ferent scales in the same community (Chase and Leibold 
2002).
The monotonic pattern may occur because productivity 
promotes coexistence and hence biodiversity (e.g., Micha-
let et al. 2006; Xiao et al. 2009). Abrams (1995) suggested 
that (1) increased productivity might raise the abundance of 
rare species, reducing their extinction rates; (2) increased 
productivity might increase the abundance of rare resources 
that are required by specialist species; (3) intraspecific den-
sity-dependent processes, such as interference or predation, 
increase with productivity, allowing species to coexist rather 
than be competitively excluded (explained by Abrams 1983); 
(4) spatial heterogeneity in the supply of resources decreases 
with increasing productivity, which tends to exclude micro-
habitats of limited extent, and so decreases diversity through 
competitive exclusion (cf. Tilman & Pacala 1993; Fraser 
et al. 2015); and (5) higher productivity increases extinction 
rates and decreases colonisation rates in a system in which 
coexistence is a trade-off between the ability of arrivals to 
colonise and their competitive ability, as would be predicted 
by island biogeography theory (McArthur and Wilson 1967).
The unimodal pattern may result from straightforward 
neutral processes. For example, Kadmon and Benjamini 
(2006) found increasing abundance and decreasing extinc-
tions and, therefore, increasing diversity, under low to 
moderate productivity. However, with higher productivity, 
diversity decreased because increased reproduction reduced 
the relative frequency of novel colonisers (i.e., the novel 
immigrants were “diluted” by increasing numbers of locally 
recruited competitors), thereby creating the hump-shaped 
relationship.
Geographic scale influences the productivity–diversity 
relationship, with a monotonic pattern at large scales and 
a unimodal pattern at small scales (Oksanen 1996; Mittle-
bach et al. 2001; Chase and Leibold 2002; Chalcraft et al. 
2004; Tonkin and Death 2013), although Fraser et al. (2015) 
reported a unimodal pattern at the global scale. An excep-
tion in the literature is the observation by Chase and Leibold 
(2002) of a monotonic relationship at regional scales and a 
unimodal pattern at local scales in the same assemblage. 
Chase (2010) proposed that for these relationships to occur 
simultaneously, β diversity (variation among local sites) 
would have to increase with productivity. As β diversity is 
influenced by community assembly mechanisms, at least one 
of these mechanisms would need to change with productivity 
to create the relationship and influence regional (ϒ) diver-
sity. These mechanisms include deterministic processes, in 
which habitat heterogeneity leads to niche diversification 
across localities; stochastic process such as ecological drift, 
dispersal limitation, and different colonisation and extinc-
tion dynamics across localities; or the interaction between 
deterministic and stochastic variation leading to more deter-
ministic priority effects that vary across localities (Fukami 
& Morin 2003; Chase 2010). Chase (2010) suggested that 
it was more likely that the variation in the importance of 
stochastic processes increased β diversity with productivity 
in pond communities because purely deterministic processes 
filter out unsuitable taxa in harsh environments, whereas 
in productive environments stochastic processes due to dif-
ferential colonisation history and priority effects will have 
a greater influence, leading to multiple stable equilibria and 
greater representation of the regional pool.
It is evident that there is no adequate explanation for 
mechanisms that might produce co-occurrence of unimodal 
and monotonic diversity patterns in the same community 
under different levels of resources. We aimed to address this 
issue by investigating the effect of resource enrichment on 
a stream invertebrate assemblage. We examined the rela-
tionship in a largely detrital food web, dependent mainly 
on riparian leaf litter input and the associated biomass of 
microbes and deposited fine organic material (Fisher and 
Likens 1972; Rosemond et al. 2001; Cheshire et al. 2005; 
Connolly and Pearson 2013). As well as providing food 
sources, leaf litter provides complex microhabitat, and both 
types of resource contribute to productivity, as judged by, 
for example, invertebrate abundance (Richardson 1992; 
Dudgeon and Wu 1999; Pearson and Connolly 2000; Con-
nolly and Pearson 2018). We established density gradients 
of terrestrial leaf litter in streamside artificial stream chan-
nels to represent a gradient in productivity and measured the 
response of the invertebrate assemblage. We had previously 
shown that colonisation by drifting invertebrates was rapid 
and that there was high turnover of individuals, especially of 
rarer species, and that loss of individuals by drift was com-
pensated for by continuous supply from upstream (Connolly 
and Pearson 2018). We, therefore, investigated the relation-
ship between species diversity and the resource gradient 
at two scales—on individual leaf packs within channels, 
and across channels with different leaf-pack densities. We 
hypothesised that the relationships were positive, negative, 
or hump-shaped. We then determined the mechanisms for 
the observed relationships. We follow the lead of previous 
reports (see above) regarding different patterns at differ-
ent scales by applying essentially a productivity–diversity 
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model. We did not pursue a metacommunity model (e.g., 
Economo and Keitt 2008) because our litter patches were all 
highly connected by invertebrate drift, as is the case within 
riffles naturally (e.g., Benson and Pearson 1987; Bunn and 
Hughes 1997; Connolly and Pearson 2018), and because 
metacommunity studies of streams generally use the whole 
riffle or stream as the base unit (e.g., Tonkin et al. 2016; 
Heino et al. 2017; Crabot et al. 2020).
Methods
Experimental set‑up and sampling
The experiment was undertaken in artificial stream chan-
nels located beside Birthday Creek in the Australian Wet 
Tropics bioregion (19.00° S, 146.18° E; altitude 880 m), in 
rainforest with complete canopy cover. The climate at the 
site is seasonal, with a warm wet season (December–April) 
and cooler dry season (May–November). The experiment 
was undertaken from December 3, 1999 to January 2, 2000, 
before any major storms had occurred. Water temperature 
during the study ranged from 20 to 25 °C, pH was ~ 6.9 and 
conductivity ~ 35 µS cm−1. The channels were 2400 mm 
long, 140 mm wide and 100 mm deep, constructed from 
PVC and fixed to a galvanised steel frame. Stream water 
was supplied to the channels from above a waterfall via a 
polyethylene pipe and a header tank, from which 20-mm 
pipes supplied each channel at 6.0 L min−1. Each channel 
comprised three sections, separated by v-notch weirs to 
maintain water depths at approximately 70 mm. A coarse 
filter (20-mm mesh) on the inlet of the header tank prevented 
clogging by whole leaf litter, but allowed passage of smaller 
suspended material including drifting animals. Invertebrates 
colonised the channels via drift from upstream, but could not 
enter from downstream. While aerial colonisation was possi-
ble, there was no evidence of it during the experiments (e.g., 
no influxes of first-instar individuals of particular taxa). The 
channels’ substrata are rapidly colonised by a diverse assem-
blage of macroinvertebrates and simulate stream conditions 
well (Pearson and Connolly 2000; Connolly and Pearson 
2007, 2013, 2018).
Thirty granite cobbles (diam. 60–70 mm, φ = − 6) were 
collected from the stream, scrubbed and distributed along 
each channel to simulate stream substratum. A gradient 
in leaf litter cover was established by manipulating small 
packs of Apodytes brachystylus F. Muell. (Icacinaceae) 
leaves. Leaf packs consisted of approximately 2.5 g of air-
dried freshly collected leaves from a single tree, which were 
attached to individual cobbles using plastic tags and a rubber 
band. Leaves of this species are colonised by a diverse com-
munity of invertebrates and are readily consumed (Nolen 
and Pearson 1993; Pearson and Connolly 2000; Connolly 
and Pearson 2013, 2018). The exact mass of each pack was 
recorded. Treatments comprised different levels of leaf lit-
ter cover (from 0 to 100% of 30 cobbles with a leaf pack 
attached); positions for leaf packs were assigned randomly 
and treatments were distributed randomly among channels. 
The starting configuration included 20 channels, with three 
replicates each for 0%, 20%, 40%, 60%, 80% and 100% 
litter cover and one channel each for 10% and 50% cover. 
However, resources limited our processing capacity, so we 
selected at random one each of the replicated channels, plus 
the single 10% channel (Fig. 1).
The 40-day duration of the experiment allowed for ade-
quate colonisation by invertebrates (Connolly and Pearson 
2018), but was not long enough for leaf packs to degrade 
(Pearson and Connolly 2000; Connolly and Pearson 2013). 
Fig. 1  Layout of artificial 
stream channels showing leaf-
litter patch resource gradient. 
Actual positions of treatments 
were randomised
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We previously showed that accumulation of abundance and 
richness on leaf packs in the artificial channels plateaued at 
around 24 days and then remained stable up to the 38-day 
duration of the experiments as a result of the equilibrium 
between local immigration and emigration (whether active 
or passive—i.e., local colonisation and extinction) (Connolly 
and Pearson 2018). At the end of the present experiment, all 
cobbles and cobble/leaf-pack combinations were removed in 
sequence from downstream to upstream, with cobbles and 
leaf packs, when present, placed in separate plastic contain-
ers, and labelled with the channel number, treatment and 
position within the channel (1–30). Individual leaves of the 
leaf packs were rinsed over a 63-µm-mesh sieve and inver-
tebrates were removed and preserved in 80% ethanol. The 
remaining leaf material was air dried and weighed in the 
laboratory. Invertebrates were identified to genus or species 
where possible, or to higher taxa, and counted. Invertebrates 
were assigned to one of four functional feeding groups to 
investigate whether the proportion of predators increased 
with productivity. The four groups were: detritivorous col-
lector/gatherers, grazer/scrapers, leaf and wood shredders 
and predators, assigned primarily following Cheshire et al. 
(2005), who described invertebrate diets in Birthday Creek, 
and secondarily following the Australian Centre for Fresh-
water Ecosystems (2020).
Statistical analysis
Abundance and diversity of invertebrates were investigated 
at two scales: individual cobble (with or without leaf pack) 
within channels; and whole channel (the sum of inverte-
brates from all 30 cobbles and cobble/leaf-pack combina-
tions). We undertook regression analysis to describe the 
shape of relationships. Linear, sigmoidal, exponential and 
peak regression models were fitted to plots of the number of 
individuals and the number of taxa vs. the proportion of leaf 
leaf-pack cover at channel and leaf-pack scales in SigmaPlot 
v. 12.5 (Systat Software, San Jose, California, USA). We 
then selected the model that best fit the data, as indicated 
by the values of r2. To further test for unimodal relation-
ships, two methods were used. First, the Gaussian function 
of the form f(x) = a*exp{− 0.5((x−b)2/c2)}, where a is the 
height of the curve’s peak, b is the position of the centre of 
the peak and c the standard deviation (which controls the 
width of the curve), was fitted using SigmaPlot to test if the 
curvilinear form of these relationships approximated a con-
cave quadratic function. Second, we used a test developed by 
Mitchell-Olds and Shaw (1997) (the “MOS test”) to deter-
mine whether relationships had an internal maximum (i.e., 
were hump-shaped) using generalised linear models (glim) 
with a log link function in R (R Core Team 2015), follow-
ing Mittlebach et al. (2001) and Chase and Leibold (2002).
We used regression analysis in SigmaPlot (exponential 
decay model had the best fit) to investigate the relationship 
between the proportion of predators in the assemblages and 
leaf pack density, to check whether density of predators 
increased with available resources, part of Abrams’ (1995) 
suggestion (3) regarding a monotonic relationship. Linear 
regression analysis was used to describe the relationship 
between abundance and diversity within channels.
As an index of β diversity, we used PCORD (version 
6.20; MjM Software, Gleneden Beach, Oregon, USA) to 
calculate dissimilarity from presence/absence data as 1−C, 
where C is Jaccard’s index (following Chase and Leibold 
2002), and from log-abundance data as Bray–Curtis dis-
similarity. We plotted the mean of pairwise dissimilarities 
within each leaf-pack density treatment against the gradient 
of leaf-pack density to determine whether the productiv-
ity–diversity relationship varied with scale as a result of 
increasing dissimilarity with productivity (Chase and Lei-
bold 2002). Ordination was undertaken in PCORD using 
non-metric multidimensional scaling (NMDS) to illustrate 
sample relationships and we regressed axis scores against 
leaf litter density in SigmaPlot. We tested for differences 
in within-treatment dispersion of similarities among leaf-
pack treatments using PERMDISP (in Primer, ver. 6.1.2, 
PRIMER-E Ltd, Plymouth, UK).
Results
A total of 31,685 animals and 76 taxa were collected in the 
channels (Online Resource Tables S1 and S2), but overall 
abundance was largely determined by a few taxa, notably 
Oligochaeta, Cladocera, Copepoda, Hydracarina (not iden-
tified further) and several species of Chironomidae. Also 
common were species of Plecoptera, Ephemeroptera, Sim-
uliidae and Elmidae. Seventeen species of Trichoptera were 
collected but were never abundant.
Total abundance of invertebrates and total number of taxa 
per channel increased monotonically with % leaf-pack cover 
(Fig. 2a, b). The shape of the relationship was curvilinear, 
with the rate of increase in the number of taxa declining 
towards 100% leaf-pack cover. In contrast, the abundance 
and number of taxa per cobble/leaf pack was unimodal or 
hump-shaped (Fig. 2c, d), confirmed by fitting the Gauss-
ian function (for abundance, F2,92 = 5.604, P = 0.0051; for 
number of taxa, F2,92 = 9.348, P = 0.0001) and the MOS 
test (for hump at maximum: for abundance, F2,92 = 5.25, 
P = 0.024; for number of taxa, F2,92 = 5.81, P = 0.016). The 
relationships of invertebrate abundance and diversity with 
leaf-pack cover were similar whether considering only the 
cobbles with leaf packs attached or all cobbles (Fig. S1a, 
b). Abundance and number of taxa on cobbles without leaf 
packs were similar across treatments and much lower than 
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the cobble/leaf-pack combination (abundance, 3- to 10-fold 
lower; taxa about twofold lower; Fig. S1c, d). However, 
although an increase of total abundance and number of taxa 
per cobble appeared to start tailing off similarly, a peak was 
not reached, so the relationship was not unimodal (Fig. S1e, 
f). The the proportion of predators on leaf packs declined 
with leaf pack density (Fig. S2). β diversity (dissimilarity 
between paired leaf packs) increased with leaf-pack cover 
initially, then remained constant apart from a dip at 100% 
cover for the presence–absence relationship (Fig. 3). Ordina-
tion showed a clear shift in assemblage composition with % 
leaf-pack cover (Fig. 4), with a strong relationship between 
the mean axis-1 score and litter-pack density (r2 = 0.988). 
However, the spread of variation in composition amongst 
leaf packs within channel treatments did not increase across 
this gradient (PERMDISP analysis, pseudo-F = 0.648, 
P = 0.856; all pairwise differences with P > 0.147). There 
were clear longitudinal gradients in the number of individu-
als and number of taxa on cobble/leaf packs within the chan-
nels, but the slope of the relationships varied along the leaf-
pack resource gradient: abundance mostly increased with 
(a) (b)
(c) (d)
Fig. 2  Relationship between leaf-pack cover in artificial stream chan-
nels and a cumulative abundance of invertebrates on cobbles with 
leaf packs at the channel scale; b cumulative number of taxa on cob-
bles with leaf packs at the channel scale; c number of invertebrates 
(shaded circle) and mean number (unshaded circle) on individual 
cobbles with leaf packs; and d number of taxa (shaded circle) and 
mean number (unshaded circle) on cobbles with leaf packs. Regres-
sion lines and statistics are shown: sigmoid model in a, exponential 
rise to maximum in b, and peak models in c and d 
Fig. 3  Relationship of β diversity (Jaccard and Bray–Curtis dissimi-
larity, mean ± SE) between leaf packs within leaf-pack treatments (% 
cover) in artificial stream channels. If dissimilarity = 0, then all taxa 
are shared among assemblages; if dissimilarity = 1, then no taxa are 
shared among them
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distance downstream (Fig. 5), whereas diversity increased 
with distance downstream in the channel at 20% leaf-pack 
cover, but then gradually shifted with increasing cover to a 
negative relationship at 80% and 100% cover (Fig. 5). There 
was a strong relationship between the number of taxa and 
abundance at the channel scale (Fig. 6). The relationship 
between abundance and the number of taxa on individual 
leaf packs was positive in the 10 and 20% leaf-pack treat-
ments (r2 = 0.999 and 0.833, respectively) but absent in the 
other treatments (r2 = 0.000–0.029) (Fig. S3), corresponding 
with the shifts in gradients shown in Fig. 5.
Discussion
The artificial stream channels were colonised by a diverse 
assemblage of macroinvertebrates, as previously (Connolly 
and Pearson 2018). Despite the low number of channels, 
strong patterns in invertebrate abundance and diversity 
were evident. At the channel scale, invertebrate diversity 
increased with leaf-pack cover, consistent with a number 
of studies reporting the relationship between productivity 
and diversity at larger scales (e.g., Currie and Paquin 1987; 
Gaston 2000). However, the rate of increase in diversity in 
our channels declined towards 100% leaf-pack cover. Chase 
and Leibold (2002) reported that the relationship between 
productivity and diversity in ponds increased linearly at the 
regional scale, although their data suggest that the relation-
ship was curvilinear, similar to the pattern we observed. 
Abrams (1995) similarly inferred that a monotonic rela-
tionship between productivity and diversity might level 
off as productivity increases and all available species are 
represented and analogous to a species accumulation curve 
resulting from increasing sampling effort.
At the leaf-pack scale, in contrast, diversity had a hump-
shaped relationship with leaf-pack cover, a pattern also 
reported in a number of studies (Rosenzweig and Abramsky 
1993; Fraser et al. 2015). Therefore, our results indicate that 
the form of the productivity–diversity relationship varied 
with scale, concurring with Chase and Leibold (2002) and 
that the hump-shaped pattern was nested within the mono-
tonic pattern within our confined system. We note that the 
unimodal relationship was not apparent when cobble and 
leaf litter pack samples were combined. The different rela-
tionships between the two sets of samples and litter pack 
density (unimodal for litter pack assemblages, consistent and 
flat for cobble assemblages), indicate that their assemblages 
differed and so obscurred the comparisons. Our focus was 
on the leaf litter packs as resource patches, and it is on those 
patches that we base our conclusions.
Previous explanations for the pattern of the productiv-
ity–diversity relationship (e.g., Abrams 1995; Chase 2010; 
Xiao et al. 2010) do not indicate how the two patterns can 
occur in the same assemblage at different scales (Chase and 
Leibold 2002). In our study, the correlation between abun-
dance and diversity at the channel scale supports Abrams’ 
(1995) first (and simplest) explanation that increased pro-
ductivity might raise the abundance of rare species, reduc-
ing their extinction rates. As a monotonic relationship at 
the channel scale resulted from manipulation of a uniform 
resource, it is unlikely that increased diversity resulted 
from specialist niches, Abram’s second suggested mecha-
nism. With regard to his third mechanism (the effects of 
density-dependent processes), first, we have shown here that 
there was a decrease in density of predators rather than the 
increases that he proposed. Second, although intraspecific 
density-dependent interference has been demonstrated for 
invertebrates that shred leaves at our study site (Boyero and 
Pearson 2006), we have no information on whether it affects 
diversity. However, it is possible that intraspecific and inter-
specific competition limit invertebrate abundance, leading to 
the sigmoid curve at maximum resource density.
Nevertheless, the occurrence of monotonic and uni-
modal patterns in the same assemblage at different 
scales suggests that multiple priority mechanisms oper-
ate, beyond competitive or other biotic interactions. We 
explored the concept that, for the two patterns to occur in 
the same assemblage, β diversity would have to increase 
with productivity (Chase and Leibold 2002; Chase 2010). 
In our stream channels, we have shown previously that 
rapid colonisation and dispersal indicate that the inver-
tebrate assemblage is in a dynamic flux that results in 
assemblage stability at the small (leaf-pack) scale, as 
the colonising assemblage stabilised at 24 days (Con-
nolly and Pearson 2018). Similarly, ordination indicated 
Fig. 4  NMDS plot of assemblage composition showing cen-
troids ± SE for each treatment (10–100% leaf-pack cover) in artificial 
stream channels. In regression of axis-1 score vs. litter-pack density, 
r2 = 0.9884, P < 0.001
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Fig. 5  Regressions of abun-
dance (left-hand panels) and 
richness (right-hand panels) 
for each leaf pack and each 
leaf-pack density (10–100%) in 
artificial stream channels
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a progressive shift in assemblage composition and a con-
vergence at 24 and 38 days (Connolly and Pearson 2018). 
These results indicate that priority effects did not influence 
composition during colonisation and hence do not sup-
port the suggestion that multiple stable equilibria explain 
the scale-dependent productivity–diversity relationship 
(Fukami and Morin 2003; Chase 2010). Our high rates of 
colonisation and dispersal suggest high temporal variance, 
which could give rise to multiple compositions at any 
point in time, resulting in local community dissimilarity 
(“mosaic cycles”—Fukami 2004). However, we found no 
increase in dissimilarity with increasing leaf-pack cover. 
Similarly, while Chase (2010) found a nested ordination 
pattern with increased variation with productivity, we 
showed a shift in assemblage composition with increas-
ing leaf-pack cover, but with the variation in composition 
among leaf packs constant across the gradient.
The divergence between channel-scale and leaf-pack-
scale richness at high % leaf-pack cover suggests that there 
were new species occurring in leaf packs in the higher % 
cover treatments, but this divergence did not correspond to 
an increase in dissimilarity among leaf-pack samples. The 
dissimilarity values were generally high throughout, and the 
observed differences that cause to the hump-shaped pattern 
were small relative to the species pool. Our leaf packs rep-
resented habitat units, as well as a potential food source. 
Therefore, if dissimilarity is consistently high, maintained 
by a large species pool relative to the number of taxa on 
individual leaf packs, then adding more leaf packs would 
be expected to increase channel-scale (ϒ) diversity. Conse-
quently, at the channel scale, the monotonic pattern in the 
number of taxa versus leaf-pack cover was probably due to 
increased habitat area and a species-area or sampling effect, 
agreeing with Abrams’ (1995) first explanation for a mono-
tonic productivity–diversity relationship. But this does not 
explain why the number of taxa on individual leaf packs (α 
diversity) declined at greater % leaf-pack cover.
The number of invertebrates drifting into the artificial 
stream channels was determined by the water flow rate. The 
number of leaf packs in channels then determined the immi-
gration probabilities at the leaf-pack scale, as they provided 
more habitat, but with a similar number of drifting mac-
roinvertebrates entering each channel. But when there were 
few leaf packs in the channels, individuals were more eas-
ily lost, leading to a relatively high extinction (emigration) 
rate, keeping diversity low (Kadmon and Benjamini 2006). 
Intermediate levels of litter-pack cover led to an equilib-
rium between these processes. We have previously explained 
that the invertebrate assemblage inhabiting these leaf packs 
approximated an equilibrium model of immigration-emi-
gration (Connolly and Pearson 2018). At higher leaf pack 
densities, there are insufficient immigrants to compensate 
for individuals lost. Therefore, the immigration-emigration 
dynamics, specifically a constrained immigration rate, could 
explain the decline in diversity on leaf packs in channels 
with high leaf-pack cover, and the discrepancy between the 
patterns at the larger and smaller scales.
This explanation is analogous to the dilution effect (Kad-
mon and Benjamini 2006), albeit dilution by immigrants 
rather than within-patch reproduction. It is also analogous to 
the hypothesis that in a community with a unimodal produc-
tivity–diversity relationship, species from sites with inter-
mediate productivity have higher dispersal probabilities than 
species from sites with low or high productivity (Pärtel and 
Zobel 2007). A mechanism invoking constrained immigra-
tion also agrees with the suggestion that when dispersal rates 
are low unimodal patterns develop in both neutral and com-
peting communities (Xiao et al. 2010). However, the neutral 
models used by Kadmon and Benjamini (2006) and Xiao 
et al. (2010) did not consider scale or β diversity and how 
they might increase with productivity to produce different 
patterns for α and ϒ diversity.
Abundance and diversity were correlated and their pat-
terns were similarly scale-dependent, further suggesting 
that a simple sampling effect was driving diversity. The 
longitudinal gradients within the channels were probably 
due to differences in immigration rates across cobble/leaf-
pack units, as the slope of the diversity gradient changed to 
negative at the peak of the “hump”, indicating that more of 
the immigrants colonised the upstream than the downstream 
leaf packs, limiting the supply of immigrants downstream.
Pärtel and Zobel (2007) reported that the proportion of 
unimodal relationships increased with distance from the 
equator, but positive relationships were more common in 
the tropics because of larger species pools. Higher β diver-
sity and compositional variation across local sites will 
often occur where there is a large regional species pool (ϒ) 
(Sabatini et al. 2018). It is possible that the relationship 
Fig. 6  Relationship between richness and abundance (log scale) 
summed across leaf packs within each artificial stream channel
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between productivity and α diversity is generally hump-
shaped because of reduced addition of new species to replace 
species lost though stochastic extinctions at high productiv-
ity. But a large species pool may increase the probability 
of high β diversity, resulting in the large-scale relationship 
between productivity and ϒ diversity being monotonic. In 
this regard, it is notable that Australian Wet Tropics streams, 
including Birthday Creek, have high invertebrate diversity 
compared with streams globally (Vinson and Hawkins 
2004).
It is possible that the scale-dependent contrast in the pro-
ductivity–diversity relationship only arises where β diversity 
is high; in contrast, where β diversity is low, a hump-shaped 
productivity–diversity relationship may be expected at both 
local and regional scales. Differences in β diversity may, 
therefore, explain some of the contrasting patterns in the 
productivity–diversity relationship reported in the literature, 
which have made equivocal explanations for the relationship. 
While the hump-shaped productivity–diversity relationship 
has often been referred to as a local-scale pattern, it has 
also been reported at large (even global) scales (Fraser et al. 
2015).
Conclusions
Despite a limited number of channels, the patterns we 
found in invertebrate abundance and richness were strong 
and require explanation. We conclude that the patterns 
may have been caused by a combination of sampling and 
dilution effects, but these conclusions need testing in dif-
ferent systems and at different spatial and temporal scales. 
A hump-shaped productivity–diversity relationship has 
significant implications for the conservation of species 
diversity because it points to the importance of consider-
ing β diversity, and it predicts a decline in diversity at high 
productivity (Pierce 2014). It is neecessary to understand 
the processes that determine this relationship to be able to 
predict decline in diversity under scenarios of increasing 
productivity by anthropogenic fertilisation in both terres-
trial and aquatic environments (Woodward et al. 2012). Our 
results suggest that maintaining the ability of rare taxa to 
immigrate is important in sustaining species diversity at high 
productivity.
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